Background and objectives: In clinical practice, physicians often use once-weekly (QW) and biweekly (Q2W) dosing of epoetin alfa to treat anemia in patients with chronic kidney disease (CKD). Although the literature supports this practice, previous studies were limited by short treatment duration, lack of randomization, or absence of the approved three times per week (TIW) dosing arm. This randomized trial evaluated extended dosing regimens of epoetin alfa, comparing QW and Q2W to TIW dosing in anemic CKD subjects. The primary objective was to show that treatment with epoetin alfa at QW and Q2W intervals was not inferior to TIW dosing.
P atients with chronic kidney disease (CKD) frequently develop anemia secondary to diminished erythropoietin production by the kidneys (1) . Anemia of CKD is associated with decreased oxygen delivery and utilization, ventricular hypertrophy, congestive heart failure, and decreased cognition and mental acuity (2) (3) (4) (5) (6) . Correction of anemia has been shown to improve exercise capacity, health-related quality of life, and cognition, and it may slow the progression of renal disease (7) (8) (9) (10) . Since their development, erythropoiesis-stimulating agents (ESAs) have become the standard of care for the treatment of patients with anemia associated with CKD (10, 11) . Epoetin alfa is an ESA with an amino acid sequence identical to endogenous human erythropoietin (12) .
The approved starting dose of epoetin alfa for correction of anemia of CKD in adults is 50 to 100 IU/kg three times per week (TIW). For maintenance of hemoglobin (Hb) levels, the dosage of epoetin alfa is individualized to maintain the Hb within the target range of 11 to 12 g/dl (13) or between 10 and 12 g/dl (14) . When administered subcutaneously, the serum half-life of epoetin alfa ranges from 28 to 43 h (12) . However, the pharmacodynamic effect, as measured by an increase in red blood cell count, is evident for weeks to months. This reflects the life span (up to 120 d) of the red blood cells produced in response to ESA administration. In support of this concept, several studies in patients with CKD have reported that epoetin alfa administered (subcutaneously) up to every 4 wk can achieve and maintain Hb levels within a specified target range (15) (16) (17) (18) (19) (20) (21) . In clinical practice, physicians often use once-weekly (QW) and biweekly (Q2W) dosing intervals in this patient population. These data suggest that dosing of epoetin alfa at extended intervals may be a potential treatment option. Nonetheless, to date, no randomized study of epoetin alfa has been conducted to compare extended dosing regimens to the approved TIW dosing regimen.
Extending the intervals between doses would be expected to provide significant benefits to patients by decreasing the frequency of injections, reducing the time spent in clinics/offices, increasing lifestyle flexibility with regard to travel and vacations, and potentially improving compliance. Furthermore, administration of epoetin alfa at extended intervals would decrease the utilization of healthcare services.
The purpose of this study was to test the hypothesis that extended dosing regimens of epoetin alfa, administered QW or Q2W, would be as safe and effective as the FDA-approved TIW regimen for treatment of anemia in subjects with CKD.
Materials and Methods

Study Conduct
This was a randomized, open-label, multicenter study conducted according to the Declaration of Helsinki, the International Conference on Harmonization, and the Guidelines for Good Clinical Practice at 77 centers in the United States between August 2006 and February 2008. The study protocol and amendments were reviewed and approved by an Institutional Review Board, and subjects provided their written consent to participate in the study.
Study Population
The study population was comprised of subjects Ն18 yr of age with CKD (defined as GFR Ն15 and Ͻ60 ml/min/1.73 m 2 ) who required support of an ESA for one of the following reasons: no prior ESA therapy and Hb Ͻ10.5 g/dl; no prior ESA therapy and Hb Ͻ11.0 g/dl with a documented Ն1 g/dl Hb decrease within the past 12 mo; or no ESA therapy within 2 mo before screening, resulting in a documented Ն1 g/dl Hb decrease since stopping ESA therapy and Hb Ͻ11.0 g/dl. Key exclusion criteria included iron deficiency, with serum ferritin concentration Ͻ50 ng/ml and transferrin saturation Ͻ20%; poorly controlled hypertension (systolic BP Ͼ160 mmHg or diastolic BP Ͼ100 mmHg); severe congestive heart failure or coronary artery disease; active infection or inflammation that could affect the response to epoetin alfa therapy; uncontrolled or new onset of seizures; deep venous thrombosis or pulmonary embolus within the prior 12 mo; stroke, transient ischemic attack, acute coronary syndrome, or other arterial thrombosis within the prior 6 mo; and requiring dialysis or anticipated to require dialysis during the study.
Study Design
The study was 48 to 50 wk in duration and had three phases: screening phase of up to 2 wk, 44-wk open-label treatment phase (which consisted of a 22-wk initiation and maintenance period followed by a 22-wk safety period), and 4-wk post-treatment phase. Eligible subjects were randomly assigned to one of three treatment groups in a 1:1:1 ratio to receive epoetin alfa (Procrit; Ortho Biotech Products, Raritan, NJ) at an initial dose of 50 IU/kg subcutaneously TIW, 10,000 IU subcutaneously QW, or 20,000 IU subcutaneously Q2W. To make the initial doses comparable in all three treatment groups, the starting QW and Q2W doses were based on the weekly dose required by a 70-kg subject on a TIW regimen. Open-label treatment continued for a total of 44 wk. After completion of the 22-wk initiation and maintenance period to evaluate efficacy, subjects randomly assigned to the TIW group were switched at week 23 to an initial dose of 10,000 IU subcutaneously QW. Subjects in the QW and Q2W groups continued their assigned treatment.
Study drug was withheld if the Hb exceeded 11.9 g/dl or if the Hb rate of rise was Ն1.5 g/dl in the prior 2 wk. The dose was reduced if the Hb rate of rise was Ն1.0 but Ͻ1.5 g/dl in the prior 2 wk, and the dose was increased if the Hb level was Յ10.5 g/dl with a Hb rate of rise of Ͻ0.5 g/dl in the prior 2 wk. Dose reductions and increases were calculated in aliquots of 25% of the subject's initial dose. After week 23, dose adjustments for subjects assigned to the TIW group were based on the 10,000-IU dose. Dose increases were not permitted in the first 4 wk of study drug administration. There was a minimum of 4 wk between repeated dose increases or dose reductions.
Iron therapy was strongly recommended to keep the transferrin saturation (TSAT) Ͼ20%. The TSAT and serum ferritin were measured at screening and every 4 wk while on study. Oral iron supplements were provided to the investigators for distribution to the subjects. Treatment with parenteral iron was permitted.
Assessments
Venous blood samples were collected at the study site at screening and weekly thereafter through week 45. The Hb values were measured by the HemoCue Hb 201ϩ System or at a local laboratory. Transfusion information was recorded from screening through week 45.
The following safety parameters were assessed weekly: adverse effects (AEs), including serious adverse effects (SAEs), thrombotic vascular events (TVEs), and hypertension, and vital sign measurements. Physical examinations were conducted, and serum erythropoietin antibodies were measured at screening, the completion/early withdrawal visit, the predialysis visit, and in the evaluation of an unexpected decrease in Hb levels. Clinical laboratory parameters were measured every 4 wk.
Study Endpoints
The primary efficacy endpoint of the study was the change in Hb from baseline to the average of the Hb values over the last 8 wk of treatment through week 22. A prespecified noninferiority margin of Ϫ1 g/dl was selected to exclude a clinically relevant difference between the treatment groups. The secondary efficacy endpoint was the proportion of subjects with a Ն1 g/dl increase in Hb level from baseline by week 9. i19563 Figure 1 . Patient disposition and study schema. TIW, three times per week; QW, once weekly; Q2W, biweekly; Hb, hemoglobin; mITT, modified intent to treat. a mITT population: subjects who were randomized and had at least one postrandomization Hb value.
b Per-protocol population: subjects who received at least 75% of the intended doses during the first 22 wk of the study (i.e., at least 50 doses for the TIW group, at least 17 doses for the QW group, and at least 9 doses for the TIW group) before withdrawal from the study, receipt of a transfusion, or initiation of dialysis, whichever occurred earliest, and who had no major protocol deviations. 
Percentages calculated with the number of subjects in each group as denominator. a Data based on safety population. b Two subjects in the Q2W group had unknown underlying causes of CKD. Q2W, every 2 wk; QW, once weekly; TIW, three times weekly. 
Statistical Analyses
It was estimated that a sample size of approximately 375 subjects (125 per group) would provide 90% power to show that the test-treatment groups (QW and Q2W groups) were noninferior to the standard treatment group (TIW group) for an overall two-sided 0.05 significance level.
Primary and secondary efficacy endpoints were analyzed using the modified intent to treat (mITT) population (defined as all randomized subjects who had at least one postrandomization Hb measurement) and safety endpoints were analyzed using the safety population (defined as all randomized subjects who received at least one injection of study drug). The per-protocol population was defined as all randomized subjects who received Ն75% of the intended doses during the first 22 wk before withdrawal from the study, receipt of a transfusion, or initiation of dialysis, whichever occurred earliest, and who had no major protocol violations. The per-protocol population was used in a sensitivity analysis for all efficacy and the Hb-related safety endpoints.
For comparisons of the mean change in Hb from baseline to the average of the last 8 wk of treatment through week 22 between the TIW and QW groups and between the TIW and Q2W groups, an estimate of the difference in the mean changes (QW minus TIW and Q2W minus TIW) was computed along with the two-sided 95% confidence interval (CI) for the difference. The estimates of the difference and the CI were calculated using an analysis of covariance, including baseline Hb as a covariate or both study center and baseline Hb as covariates. The two comparisons were tested in a stepdown manner. First, QW dosing was declared noninferior to TIW dosing if the lower limit of the CI for the difference was greater than -1 g/dl. If QW was found to be noninferior to TIW, Q2W was tested against TIW. If the CI for the difference for the Q2W minus the TIW was greater than -1 g/dl, Q2W was declared noninferior to TIW.
Comparisons between the TIW and QW and between the TIW and Q2W dosing groups in proportion of subjects with an increase in Hb from baseline of Ն1 g/dl by week 9 and proportion of subjects who exceeded a Hb level of 11.9 g/dl during the first 22 wk of treatment were performed by computing an estimate of the difference in proportions (QW minus TIW and Q2W minus TIW) along with the two-sided 95% CI for the difference. The same treatment comparisons in persubject frequency of exceeding Hb of 11.9 g/dl were performed using the Cochran-Mantel-Haenszel test.
Results
Baseline Demographics and Clinical Characteristics
Subjects were randomized in a 1:1:1 ratio to one of three treatment groups: TIW, QW, and Q2W (Figure 1 ). Demographic and baseline characteristics were generally well balanced among the three treatment groups (Table 1) . Overall mean baseline estimated GFR (eGFR) was approximately 30 ml/min. Mean baseline Hb levels were 9.6, 9.7, and 9.8 g/dl for the TIW, QW, and Q2W groups, respectively.
Epoetin Alfa Dose
The mean weekly epoetin alfa doses were 5039 Ϯ 2772 IU, 5035 Ϯ 2449 IU, and 6662 Ϯ 2938 IU, and the median weekly doses were 4382, 4364, and 6091 IU for the TIW, QW, and Q2W groups, respectively. Dose increases were uncommon during the first 22 wk of treatment and comparable across the three treatment groups. However, dose decreases and dose holds were more frequent in the TIW dosing group compared with the QW and Q2W groups.
Mean Change in Hb from Baseline
Both the QW and Q2W epoetin alfa dosing regimens were noninferior to the TIW dosing regimen with respect to the change in Hb from baseline to the average of the last 8 wk of treatment through week 22. The lower limit of the 95% CI for the estimated treatment difference for both comparisons-QW versus TIW and Q2W versus TIW-was above the prespecified noninferiority margin of -1 g/dl ( Table 2) . The results were similar when baseline Hb and study center (sites with two or fewer subjects were pooled) were used as covariates.
These results seem to be robust, because sensitivity analyses based on the per-protocol population and ANCOVA models adjusted for both baseline Hb level and study center showed similar findings.
Hematologic Response
Hemoglobin levels over time are shown in Figure 2 , A and B. By week 9, the vast majority of subjects in each treatment group achieved a Ն1 g/dl Hb increase (96, 87, and 86% for the TIW, QW, and Q2W groups, respectively; mITT population). By week 23, nearly all subjects achieved a Ն1 g/dl Hb increase (98, 93, and 93% in the TIW, QW, and Q2W groups, respectively) and an Hb Ն11.0 g/dl (97, 90, and 90%, respectively). Mean final Hb levels by week 23 were within the range of 11.0 to 11.9 g/dl in all treatment groups (11.4, 11.3, and 11.1 g/dl in the TIW, QW, and Q2W groups, respectively). The mean Ϯ SD Mean Hb (g/dL) +/-SD weekly Hb concentrations for subjects in the TIW/QW group were comparable before (11.51 Ϯ 0.82 g/dl) and after (11.44 Ϯ 0.79 g/dl) the transition from TIW to QW dosing.
Red Blood Cell Transfusions
During the first 22 wk of treatment, 15 (4.1%) subjects received red blood cell transfusions (0.8, 4.0, and 7.3% in the TIW, QW, and Q2W groups, respectively). Over the 44-wk treatment period, 24 (6.5%) subjects received transfusions (2.5% in the TIW/QW group, 6.5% in the QW group, and 10.5% in the Q2W group). The majority (19 subjects) received transfusions for anemia that developed while hospitalized for an intercurrent medical event or surgical procedure. Of the remaining five subjects, three (in the Q2W group) were transfused after receiving one or two doses of epoetin alfa, before the time that an increase in Hb level caused by study drug would be expected.
Iron Supplementation
The number of subjects who received iron supplementation was comparable in the three treatment groups (112 in the TIW, 105 in the QW, and 113 in the Q2W groups). The serum ferritin and TSAT at baseline and at the completion of the first 22 wk of treatment were also comparable among the three groups.
Safety
The proportion of subjects who exceeded an Hb level of 11.9 g/dl (the threshold for withholding a dose) during the first 22 wk of treatment was higher in the TIW group (86.2%) than the QW (78.4%) and Q2W (71.2%) groups. In addition, subjects in the TIW group exceeded the Hb threshold of 11.9 g/dl more often (six times) than those in the QW (four times) or Q2W (three times) groups. There were no differences in the proportions of subjects meeting or exceeding Hb rates of rise of 1.0, 1.5, and 2.0 g/dl per 2 wk among the three groups.
The incidence of reported AEs was comparable among the three treatment groups (Table 3) . Discontinuation from the study because of an AE was low: 1, 1, and 2% over the first 22 wk and 2, 2, and 4% over the 44-wk treatment period in the TIW/QW, QW, and Q2W groups, respectively. The incidence of AEs was comparable during the transition from TIW to QW dosing.
The incidence of treatment-emergent SAEs during the first 22 wk of treatment was 20%, with a lower rate (15%) among subjects in the TIW group compared with the QW (22%) and Q2W (22%) groups. The most commonly reported SAEs during the first 22 wk of treatment were congestive heart failure (2%) and chronic renal failure (2%). The incidence of SAEs over the (8) 8 (6) 6 (5) 24 (6) Subjects with serious adverse events 19 (15) 27 (22) 28 (22) 74 (20) Subjects with confirmed thromboembolic vascular events 2 (2) 2 (2) 3 (2) 7 (2) Subjects with hypertension 14 (11) 11 (9) 6 (5) 31 (8) Subjects with adverse events leading to study discontinuation 1 (1) 1 (1) 2 (2) 4 (1) Subjects who died 0 (0) 6 (5) 3 (2) 9 (2) During the entire 44-wk treatment period Subjects with adverse events 98 (80) 98 (78) 107 (86) 303 (81) Subjects with drug-related adverse events a 11 (9) 11 (9) 15 (12) 37 ( (4) 8 (6) 15 (4) Subjects with hypertension 16 (13) 18 (14) 12 (10) 46 (12) Subjects with adverse events leading to study discontinuation 3 (2) 3 (2) 5 (4) 11 (3) Subjects who died 4 (3) 6 (5) 4 (3) 14 (4) Treatment-emergent adverse events defined as all adverse events that occurred after the first dose of study drug. Incidence is based on the number of subjects experiencing at least one adverse event and not the number of events. Adverse events that occurred on the same day as the initiation of dialysis were determined to have occurred before dialysis.
a Drug-related adverse events defined as possible, probable, or very likely related to study drug. Q2W, every 2 wk; QW, once weekly; TIW, three times weekly. Table 4 . Incidence of treatment-emergent serious adverse events during the entire 44-wk treatment period in at least 2% of subjects in any treatment group by MedDRA preferred term excluding data collected after dialysis (safety population analysis set)
Total no. subjects with serious adverse events 36 (29)
Incidence is based on the number of subjects experiencing at least one serious adverse event and not the number of events. SAEs within 30 days of the last dose were included. Adverse events that occurred on the same day as the initiation of dialysis were determined to have occurred before dialysis.
MedDRA, Medical Dictionary for Regulatory Activities; Q2W, every 2 wk; QW, once weekly; TIW, three times weekly Table 5 . Incidence of treatment-emergent confirmed thromboembolic vascular events excluding data collected after dialysis (safety population analysis set) Incidence is based on the number of subjects experiencing at least one TVE and not the number of events. TVEs within 30 days of the last dose were included. Adverse events that occurred on the same day as the initiation of dialysis were determined to have occurred before dialysis. entire 44-wk treatment period was 29% in the TIW/QW group, 33% in the QW group, and 34% in the Q2W group (Table 4) . No clear relationship was observed between mean weekly Hb level and number of SAEs by week for any of the three treatment groups.
The incidence of subjects starting dialysis during the first 22 wk of treatment was 2.4% for the TIW group, 1.6% for the QW group, and 2.4% for the Q2W group. Over the course of the 44-wk treatment period, the incidence of subjects starting dialysis was 6.5% for the TIW/QW group, 4.8% for the QW group, and 8.8% for the Q2W group.
The number of subjects with TVEs confirmed by a diagnostic evaluation was low across the three treatment groups (Table 5) . No clear relationship was observed between mean weekly Hb level and number of TVEs by week for any of the three treatment groups.
During the first 22 wk of treatment, the incidence of new onset or exacerbation of hypertension was higher in the TIW group (11%) compared with the QW group (9%) and the Q2W group (5%). Treatment-emergent hypertension in the TIW group tended to occur by week 9. Over the 44-wk treatment period, the incidence of treatment-emergent hypertension was similar for the three treatment groups: 13, 14, and 10% for the TIW/QW, QW, and Q2W groups, respectively.
In the first 22 wk of treatment, there were zero (0%), six (5%), and three (2%) deaths in the TIW, QW, and Q2W dosing groups, respectively. There were 14 (4%) subjects who died during the study: 4 (3%) in the TIW/QW group, 6 (5%) in the QW group, and 4 (3%) in the Q2W group. The individual subject causes of death are listed in Table 6 .
Over the entire study, no subject had a positive test for epoetin antibody, and no subject underwent a renal transplantation.
Discussion
This randomized, controlled study showed that both the QW and Q2W extended dosing regimens of epoetin alfa were noninferior to the TIW dosing regimen with respect to the mean Percentages calculated with the number of subjects in each group as denominator. SAEs resulting in death within 30 days of the last dose were included. n, number; Q2W, every 2 wk; QW, once weekly; TIW, three times weekly.
change in Hb from baseline to the final Hb and confirmed the results of previous studies of extended dosing of epoetin alfa for correction of anemia and maintenance of Hb in the CKD patient population (15,17,19 -21) . In addition, the proportion of subjects with Ն1g/dl Hb increase and Hb Ն11.0 g/dl were comparable among the groups. Overall, the number of subjects transfused was low, but higher in the extended dosing groups. However, most of the transfusions were administered during hospitalizations for intercurrent medical conditions or surgical procedures.
The incidence of AEs, SAEs, and hypertension was generally similar in the TIW/QW, QW, and Q2W treatment groups over the duration of the study. Given the baseline level of kidney function, the incidence of subjects starting dialysis during the study was low. Few subjects were discontinued from the study because of an AE. Considering the age and comorbidities of the subjects, the occurrence of TVEs and deaths over the 44-wk treatment period was low.
An increased risk of TVEs has been reported in some patient populations treated with ESAs (22, 23) , most notably in oncology patients and in patients undergoing surgical procedures. In this study, the incidence of TVEs was low, despite the fact that these subjects had multiple pre-existing risk factors (age, diabetes mellitus, hypertension, hypercholesterolemia, obesity, and prior history of vascular events). The incidence of TVEs was distributed across the dosing groups and did not seem to be related to Hb level, Hb rate of rise, epoetin alfa dose, or dosing interval, although the small sample size and number of events preclude making any definitive conclusions.
This study showed that Hb levels rose at a somewhat slower rate and were less likely to exceed the Hb ceiling in the QW and Q2W treatment groups compared with the standard TIW treatment. The dose required to maintain Hb in the Q2W group was higher, 35% in relative terms and approximately 1700 IU in absolute terms. This increase in dose is relatively modest and remains within the labeled TIW treatment dose range. Balanced against the modest increase in additional dose are the substantial benefits for patients-decreased frequency of injections, greater flexibility for travel with less need to carry medication and needles and syringes, less medical waste, and possibly fewer clinic/provider visits. There was no meaningful difference in the three treatment groups with regard to the mean final Hb or the proportion of subjects who had a Ն1 g/dl increase in Hb or a Hb Ն11.0 g/dl, consistent with published data (15, 19, 20) . Taken together, these studies support QW and Q2W dosing of epoetin alfa to achieve and maintain Hb levels within the targeted therapeutic range of 11.0 to 11.9 g/dl.
In conclusion, the results of this study showed that QW and Q2W extended dosing regimens of epoetin alfa are potential alternatives to TIW dosing for the treatment of anemia in subjects with stage 3 to 4 CKD.
